1. Introduction {#s0010}
===============

The cavities in molecular imprinted polymers, complementary in shape, size and even chemical functionality to the template molecule, can recognize and absorb the template molecules with antibody-like affinities and selectivities [@bib0010]. The recognition and absorption mechanism is mainly governed by the combination of various non-covalent interactions, such as hydrogen bonds, ionic bonds, hydrophobic effect and van der Waals interactions between different functional groups of the MIPs and template molecule [@bib0015], [@bib0020]. When the drug molecule is used as a template, the interactions between the MIPs and drug are very different from that of regular drug carriers, like embedding, or physical absorption, which are beneficial to the loading capacity and sustained release [@bib0015], [@bib0025]. Asadi E. [@bib0030] reported that the loading of cyproterone in the imprinted polymers was significantly increased with respect to the non-imprinted polymers and it was attributed to the interactions between the functional groups of cyproterone and the carboxyl groups of polymer at the imprinted cavities. Furthermore, the sustained release of MIPs to drugs has also been confirmed by a wealth of cases. Abdouss [@bib0035] founded that the MIPs released citalopram more slowly than the non-imprinted polymers because of the non-covalent bindings. In addition, MIPs can also release the imprinted enantiomer with a slower rate than the opposite enantiomer when the racemic drug was loaded on the S-propranolol imprinted polymers [@bib0040].

*Vinca alkaloids* are a group of anti-mitotic and anti-microtubule alkaloid agents originally derived from the periwinkle plant *Catharanthusroseus*. Vinblastine (VBL) is one kind of Vinca alkaloids commonly used to treat Hodgkin\'s lymphoma, non-small cell lung cancer, bladder cancer, brain cancer, testicular cancer, and etc. But the narrow therapeutic window and severe dose-limiting, hematological toxicity, including leucopenia, myelosuppression and anemia, have always restricted its clinical application [@bib0045], [@bib0050]. Nanoparticles, which have sustained release and targeting effect, maybe be an effective way to improve the dilemma. It was recently reported that vinblastine sulfate (VBL) was loaded in egg sphingomyelin/cholesterol liposome and achieved sustained release [@bib0055]. The poly(caprolactone) grafted dextran copolymeric nanoparticles loaded with vinblastine could not only sustain release *in-vitro* but could also enhance cellular uptake of NPs to increase the mortality of cancer cells and reduce the toxicity to normal cells [@bib0060].

In this paper, VBL imprinted nanoparticles were synthesized through precipitation polymerization, and the properties as a drug carrier for VBL were evaluated by drug loading and releasing *in vitro*. In addition, the effects of the carrier on VBL distribution *in vivo* were also investigated.

2. Materials and methods {#s0015}
========================

2.1. Materials {#s0020}
--------------

Vinblastine sulfate (VBL) was purchased from Yueyang Biomedical Science and Technology Co., Ltd (Hainan, China), Batch No. 20090505; Methacrylate (MAA) was obtained from Yongda Reagent Center (Tianjin, China); Trimethylolpropane trimethacrylate (TRIM) was purchased from Sigma (America); Azobisisobutyronitrile (AIBN) was obtained from Sihewei Chemical Reagent Limited Company (Shanghai, China); Vinblastine sulfate for injection was from Shengtai Pharmaceutical Co., Ltd. (Shanxi province, China), Batch No. 20090422; Acetonitrile (HPLC grade) was purchased from Merck (Germany); Methanol and acetic acid was from Guangzhou Chemical Reagent Factory (Guangzhou, China).

SD rats (male or female, 200 ± 20 g) were from Experimental Animal Center of Southern Medical University (Guangzhou, China), No. SCXK Yue 2006-0015).

2.2. Preparation of MINPs via precipitation polymerization {#s0025}
----------------------------------------------------------

The vinblastine imprinted nanoparticles were prepared from a reagent mixture obtained by mixing of VBL and MAA in acetonitrile according to [Table 1](#t0010){ref-type="table"}. The solution was oscillated (CHY-2, Fuhua Instruments Co., Ltd, Jiangsu, China) for 30 min to prearrange template (VBL) and monomer (MAA). TRIM and AIBN (15 mg) were then added to the solution, and the mixture was sonicated in ultrasonic bath (KH-100DE, Kunshan Hechuang Ultrasound Instruments Co., Ltd, Jiangsu, China). Then it was purged for 5 min with N~2~ and sealed. The polymerization was induced in a preheated water bath (HH-HS, Nanyang Instruments Co., Ltd, Shanghai, China) at 60 °C with shaking for 24 h. The polymeric particles were collected by centrifugation (TGL-168, Anting Scientific Instrument Factory, Shanghai, China) at 10,000 rpm for 5 min, and then extracted with methanol-glacial acetic acid (9:1, v/v) until no VBL could be detected in the washing solvent by UV Spectrophotometer (HP-8453, Agilent, USA) at 269 nm. The obtained imprinted nanoparticles were washed with methanol to remove the residual acetic acid, and then dried at 40 °C under vacuum for 24 h (ZK-82A, Shanghai Experimental Instrument Factory, Shanghai, China) to get MINPs.Table 1The effect of independent variables on dependent variable.Table 1EntryIndependent variablesDependent variables*X*~1~ (MAA, mmol)*X*~2~ (TRIM, mmol)*X*~3~ (MeCN, ml)*X*~4~ (T, °C)*Y* (Entrapment efficacy, %)10.20.6205023.65 ± 1.3120.31.230609.90 ± 0.2430.41.8154513.05 ± 0.4740.50.2256076.60 ± 2.0650.60.8354548.95 ± 2.8960.71.4155523.15 ± 2.1370.82.0254032.15 ± 3.7380.90.4355557.40 ± 1.3891.01.0204019.70 ± 0.13101.11.6305029.45 ± 1.56

2.3. Characterization of MINPs {#s0030}
------------------------------

The morphology of MINPs was observed by scan electron microscopy (SEM) (HITACHI S-3000 SEM, Japan). The polymer particles were coated with gold by sputtering prior to the SEM measurement. The particle size of MINPs was measured by a Malvern Zetasizer Nano ZS analyzer (Malvern Instruments Ltd, Malvern, UK) after being re-suspended in ultrapure water and diluted to appropriate concentration.

2.4. Preparation of MINPs-VBL {#s0035}
-----------------------------

The drug loaded nanoparticles were prepared via dynamic adsorption. 40 mg of MINPs were immersed in 4 ml of vinblastine acetonitrile solution (1.25 mmol/l) and oscillated for 4 h at ambient temperature away from light. After centrifuged at 10,000 rpm for 5 min, the VBL loaded MINPs (MINPs-VBL) were collected and dried at 40 °C in a vacuum for 24 h. And thesupernatant was collected simultaneously to determine the amount of VBL bound to the nanoparticles.

2.5. Determination of entrapment efficiency and drug loading capacity {#s0040}
---------------------------------------------------------------------

The content of VBL in the collected supernatant was determined by UV spectrophotometer at 269 nm. The amount of VBL bound to the nanoparticles was calculated by subtracting the amount of VBL in the supernatant from the initial. And the entrapment efficiency and drug loading capacity of the MINPs were calculated as the following equations:$$\begin{array}{l}
{\text{Entrapment~efficiency}\,\left( \% \right)} \\
{\quad = \frac{\text{The~amount~of~VLB~bound~to~MINPs}}{\text{The~initial~amount~of~VLB}} \times 100\%} \\
\end{array}$$$$\text{Drug~loading~capacity}\,\left( \% \right) = \frac{\text{The~amount~of~VLB~bound~to~MINPs}}{\text{The~amount~of~MINPs} + \text{The~amount~of~VLB~bound~to~MINPs}} \times 100\%$$

2.6. *In vitro* drug release study {#s0045}
----------------------------------

40 mg of MINPs-VBL in 8 ml of PBS (pH 7.4) were placed in a centrifuge tube. The tube was oscillated in a water bath shaker (Incubator shakers KYC-2102C, Shanghai Shengke Science Instrument Equipment Co., LTD, Shanghai, China) at 60 rpm at 37 °C. At predetermined time intervals, a certain volume of dissolution medium was withdrawn, and at the meantime, the same volume of fresh release medium at 37 °C was complemented. The sample solution was centrifuged at 10,000 rpm for 5 min, and the concentration of VBL in the supernatant was analyzed by UV spectrophotometer at 269 nm. This process would be repeated until the absorbance of VBL was constant. The cumulative release percentage was calculated as the following equation:$$\begin{array}{l}
{\text{Cumulative~release~percentage}\,\left( \% \right)} \\
{\quad = \frac{C_{n} \times V_{1} + {\sum\left( {C_{n - 1} \times V_{n - 1}} \right)}}{M} \times 100\%} \\
\end{array}$$

Here, C represents the concentration of free VBL in the supernatant; V is the volume of sample solution; V~1~ is the total volume of release medium, and M is the amount of VBL in MINPs-VBL (the amount of VBL in MINPs-VBL is equal to the mass of MINPs-VBL multiplied by drug loading capacity).

The in vitro release behavior was plotted and fitted using different release dynamic models, including zero-order dynamic model, first order dynamic model, Higuchi equation and Retger--Peppas equation. The fitting degree of the models was evaluated with "r" and "AIC", which indicates a good coherence with real data.

(AIC = N\*lnRe + P, "N" represents the number of experimental data, "P" is the model parameters). (Re = ∑Wi(Qexperiment − Qpattern)^2^, "Wi" stands for Weight, equals to 1.)

2.7. Bio-distribution study {#s0050}
---------------------------

12 SD rats were fasted for 12 h with water ad libitum and randomly divided into two groups. Group 1, an experimental group, was injected with MINPs-VBL in saline solution at a dose of 5 mg/kg (calculated by VBL) via tail vein. Group 2 was administrated with the same dosage of commercially available vinblastine sulfate injection (VBL injection) as a control group. After 60 min, 6 ml of blood samples of groups 1 and 2 were collected respectively through the abdominal veins and immediately centrifuged at 10,000 rpm for 10 min, and the supernatant serum was stored at −20 °C until HPLC analysis. The rats were sacrificed by cervical dislocation and the tissue samples, including heart, liver, spleen, lung and kidney were immediately removed and washed with 0.9% saline solution; and then wiped using an absorbent paper, and the specimens were frozen at −20 °C until analysis.

After being recovered from deep freezer, 1 g of tissue samples were homogenized with 3 ml of normal saline, and 3 ml of homogenate were mixed with 3 ml of acetonitrile by vortex-mixing (XW-80A, Shanghai Medical University Instrument Factory, Shanghai, China) for 3 min. 1 ml of serum samples were vortexed with 1 ml of acetonitrile for 1 min as well. After centrifugation at 10,000 rpm for 10 min, the supernatant of tissue or serum samples were collected and evaporated under a nitrogen gas stream. The residues were vortexed with 200 µl of mobile phase and then filtered with 0.22 µm filter membrane. 20 µl of sample solution was injected into the HPLC system to detect the content of VBL in tissue and serum samples.

The HPLC system (1200, Agilent, USA) was equipped with a reverse-phase C18 column (Agilent, 250 × 4.60 mm, 5 µm) and ultraviolet-visible detector at the detection wavelength of 269 nm. 1.4% (v/v) triethylamine aqueous was adjusted to pH7.2 with phosphoric acid and used as mobile phase with acetonitrile (40:60, v/v). The flow rate was 1.0 ml/min at ambient temperature.

3. Results and discussion {#s0055}
=========================

3.1. Optimization of MINPs synthesis {#s0060}
------------------------------------

According to the synthesis principle of MINPs and the result of preliminary experiments, four parameters, the moles of MAA (*X*~1~), the moles of TRIM (*X*~2~), the volumes of acetonitrile (*X*~3~), and the reaction temperature (*X*~4~) were selected as independent variables and the entrapment efficacy (*Y*) as the dependent variable. U~10~ (10^2^ × 5^2^) uniform design ([Table 1](#t0010){ref-type="table"}) was applied to optimize the MINPs process parameters. The investigated parameters were graded into ten or five levels and incorporated into ten trials with. Each trial was performed in triplicate.

As shown in [Table 1](#t0010){ref-type="table"}, the entrapment efficacy of developed MINPs was in the range of 9.90 ± 0.24% to 76.60 ± 2.06% with different variable combinations. The best trial was MINPs 4, where the entrapment efficacy was 76.60 ± 2.06%.

DPS data processing system (V7.05 version) was adopted for the stepwise regression analysis of the experimental data, and the effect of independent variables on entrapment efficiency was proposed by the following polynomial equation:$$\begin{matrix}
{Y_{1} = 36.7568 + 112.0695X_{1} - 93.6307X_{2} + 0.5636X_{3} - 73.3381X_{1}{}^{2}} \\
{+ 32.2976X_{2}{}^{2}} \\
\end{matrix}$$

The equation would have maximal output when *X*~1~ was 0.756 mmol, *X*~2~ was 0.224 mmol, *X*~3~ was 34.9 ml and *X*~4~ was 59.9 °C. And the maximal predicted values of responses *Y* was 81.07% in the model.

To validate the result of Eq. [(4)](#e0025){ref-type="disp-formula"}, the optimized formulation (*X*~1~ 0.756 mmol, *X*~2~ 0.224 mmol, *X*~3~ 40 ml, and *X*~4~ 60 °C) was developed to synthesize MINPs and then characterized for entrapment efficacy. The experimental value for responses *Y* that is 83.25% of optimized formulation was found in good agreement with the predicted values generated by the stepwise regression Eq. [(4)](#e0025){ref-type="disp-formula"}. And the drug loading capacity of the optimal MINPs-VBL was 8.72%.

3.2. EE% of MINPs with different concentration of VBL and adsorption time {#s0065}
-------------------------------------------------------------------------

According to the preliminary experiments, we found the VBL loading efficiency would vary with different concentration of the VBL solution or different adsorption time. Hence, MINPs 4 and MINPs 5 were used to investigate the influence of different concentration of VBL solution (0.60 mmol/l, 1.25 mmol/l, 1.50 mmol/l, 3.00 mmol/l, 4.00 mmol/l, 8.00 mmol/l) and different incubating time (1 h, 2 h, 4 h, 7 h, 10 h, 15 h, 17 h, 19 h, 21 h, 23 h, 24 h) on the encapsulation efficiency (EE%) of VBL. As shown in [Fig. 1A](#f0015){ref-type="fig"}, the EE% of VBL was highest when incubated with VBL solution at the concentration of 1.25 mmol/l and then decreased gradually with the increase of VBL concentration. From [Fig. 1B](#f0015){ref-type="fig"}, we found that the EE% of VBL significantly increased when the incubating time extended and the value reached top at 4 h, after which it declined slightly. As a result, MINPs-VBL was prepared with 1.25 mmol/l of VBL solution oscillated with MINPs for 4 h.Fig. 1The influence of (A) different concentration of VBL and (B) adsorption time on EE% of MINPs.Fig. 1

3.3. Morphology and particle size of MINPs {#s0070}
------------------------------------------

Scanning electron microscopy (SEM) (HITACHI S-3000 SEM, Japan) was employed to determine the shape and surface morphology of the polymer particles made by the optimized formulation. The image from the SEM showed that MINPs were spherical particles with smooth surface and good dispersity (see [Fig. 2](#f0020){ref-type="fig"}).Fig. 2Scanning electron micrographs of MINPs.Fig. 2

The particle size and size distribution were measured by dynamic light scattering (DLS) (Malvern Zetasizer ZS, Malvern, UK). It showed that the particle size of MINPs was 300 \~ 450 nm (see [Fig. 3](#f0025){ref-type="fig"}).Fig. 3Particle size distribution of MINPs.Fig. 3

3.4. *In vitro* release of VBL from MINPs-VBL {#s0075}
---------------------------------------------

The *in vitro* release study of VBL from MINPs-VBL was performed in PBS (pH 7.4) at 37 °C (see [Fig. 4](#f0030){ref-type="fig"}). Quick release occurred in the initial 24 h, which could be related to the release of the drug adsorbed or precipitating on the surface of MINPs. In this phase, VBL released from MINPs-VBL with a process of solution--diffusion or desorption, and the amount was 19.49 ± 2.75%. Thereafter, the release rate became slow, demonstrating a typical behavior of sustained and prolonged drug release. It was due to the non-covalent interactions between model drug and MINPs, which delayed the release of the drug from the nanoparticles network. From 144 h on, the drug release further slowed down. The cumulative release percentage reached 71.45 ± 2.56% at 216 h. The drug entrapped deep inside the pores of MINPs needed to eliminate the non-covalent interactions and then passed much longer distance.Fig. 4The *in vitro* release profile of MINPs-VBL.Fig. 4

The *in vitro* release behavior was fitted using different release dynamic models (see [Table 2](#t0015){ref-type="table"}). From [Table 2](#t0015){ref-type="table"}, the *in vitro* drug-release kinetic model of MINPs-VBL fitted well with the first-order dynamic equation due to the maximum value of "r" (0.9942) and the minimum value of "AIC" (53.1998). The fitting curve of calculated release of MINPs-VBL was also shown in [Fig. 4](#f0030){ref-type="fig"}. We found the observed curve highly fitted with the calculated one, demonstrating that release of VBL from MINPs-VBL may be based on the solution--diffusion and desorption process.Table 2*In vitro* drug-release kinetic model of MINPs-VBL.Table 2Fitting methodFitting equationrAICZero-order dynamic equationQ = 0.3184t + 10.4950.987974.76861First-order dynamic equationln\[1 − Q\] = −0.0059t + 4.620.994253.1998Higuchi equationQ = −3.0658 + 5.0808t^1/2^0.990663.8489Retger-peppas equationlnQ(t) = 0.4981lnt + 1.52660.985073.79749

The imprints on MINPs showed high selectivity and affinity to the template VBL, and could adsorb VBL steadily via the non-covalent bond including hydrogen bonding, electrostatic effect, etc. Therefore, we observed the sustained release of VBL from MINPs. Not only diffusion but also the adsorption between MINPs and VBL contributed to the drug releasing process of MINPs-VBL.

3.5. Bio-distribution study {#s0080}
---------------------------

To investigate the tissue distribution of MINPs-VBL and VBL injection, each formulation at a dosage of 5 mg/kg of VBL was injected by cauda vein to rats, and the samples were collected after 60 min.

From [Fig. 5](#f0035){ref-type="fig"}, it can be seen that for VBL injection group, the level of VBL was highest in heart (12.08 ± 0.24 µg/ml), followed by kidney, liver, spleen, lung, and lowest in serum. For MINPs-VBL group, the highest one was that in liver (52.02 ± 0.48 µg/ml), followed by kidney, heart, lung, spleen, and serum in that order. It was amazing that a significant increase of VBL concentration in MINPs-VBL group was observed compared to VBL injection group. Furthermore, 33% of VBL was distributed in liver in MINPs-VBL group but about 21% in VBL injection group. It indicated that the tissue distribution of VBL encapsulated in MINPs in rats was significantly altered in comparison with VBL injection, especially in liver.Fig. 5Concentration of VBL in serum and different tissues of rats after tail i.v. of MINPs-VBL and VBL injection (*n* = 6).Fig. 5

To evaluate the drug targeting effect of MINPs-VBL *in vivo*, drug targeting index (DTI) and drug selecting index (DSI) were introduced and calculated by the following equations, and the results were shown in [Table 3](#t0020){ref-type="table"}.$$\text{DTI} = \frac{\text{The~drug~concentration~in}\, A\,\text{tissue~of~targeting~preparation~at}\, I\,\text{time}}{\text{The~drug~concentration~in}\, A\,\text{tissue~of~non}\mspace{2mu} - \mspace{2mu}\text{targeting~preparation~at}\, I\,\text{time}}$$$$\text{DSI} = \frac{The\,\mathit{drug}\,\mathit{concentration}\, in\, A\,\mathit{tissue}\, at\, I\,\mathit{time}}{The\,\mathit{drug}\,\mathit{concentration}\, in\,\mathit{serum}\, or\, non\mspace{2mu} - \mspace{2mu}\mathit{targeting}\,\mathit{tissue}\, at\, I\,\mathit{time}}$$Table 3DTI and DSI of tissues after administrating MINPs-VBL and VBL injection by cauda vein at 60 min.Table 3GroupsHeartLiverSpleenLungKidneySerumDTIMINPs-VBL2.555.292.573.042.933.81VBL injection111111DSIMINPs-VBL2.053.460.931.232.081VBL injection3.062.501.401.582.701

Compared with the VBL injection group, the drug level of MINPs-VBL was 5.29-fold in liver, 3.04-fold in lung, 2.93-fold in kidney and about 2.55-fold both in heart and in spleen. Although the VBL level of serum was the lowest in both groups, it was 3.81-fold in MINPs-VBL to that of in VBL injection group. It suggested that the sustained-release property of MINPs contributed to the higher drug levels of MINPs-VBL in tissues and serum. Comparing the levels of VBL in tissues with that of in serum, MINPs-VBL also showed obvious selectivity to liver relative to other tissues (see [Table 3](#t0020){ref-type="table"}). That meant VBL in MINPs-VBL had higher affinity to liver tissue. It might have arisen from the mononuclear macrophage phagocytosis to MINPs-VBL particles, which were with the hydrophobic surface and being the sizes more than 200 nm, and the enrichment in tissues with rich reticulo endothelial system (RES), like liver etc. [@bib0065].

4. Conclusion {#s0085}
=============

The MINPs bearing cavities, complementary to the template molecule VBL, could absorb VBL via non-covalent interactions, such as hydrogen bonds, ionic bonds and hydrophobic effect, which provided MINPs with extraordinary release property as drug carriers. In this paper, we demonstrated that VBL loaded MINPs showed a sustained-release behavior *in vitro* that fitted well with the first-order kinetics model. And the drug level of VBL loaded MINPs in tissues and serum of SD rats was evidently higher than that of commercially available injection, especially in liver. It implied that the MINPs might be a potential sustained-release drug carrier and exhibited liver target to a certain extent. The biocompatibility of MINPs needed further study.
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